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Abstract
In this paper, we describe the characteristics of the Lean Enterprise and make the case for modelling it in order to reproduce its
successful practices more easily. The literature contains many good descriptions of the Toyota Production System and Lean in
general, but no formal model that we can build upon. We then make the hypothesis that Lean is a Complex System, which can be
modelled formally. We propose to follow the KREM model which comprises four components. The K (Knowledge) component
includes domain knowledge about Lean in the form of several ontologies, the R (Rules) component is expressed by probabilistic
rules, the E (Experience) component describes the practices (Kata) and the M (Meta-data) component describes the context of
the application of Lean (diﬀerent types of companies or cultural environments, for example). A practical example modelling the
Hoshin Kanri process for setting objectives at the enterprise level demonstrates how to put this approach into practice.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of KES International.
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1. Introduction
In the 25 years since the publication of The Machine That Changed The World1, based on the Massachusetts
Institute of Technology’s ﬁve-year study on the future of the automobile, the ﬁrst book in the west revealing what then
became known as Lean (the core idea of Lean is to maximize customer value while minimizing waste2), the concepts
and practices that originated at Toyota have had a sweeping success, ﬁrst in the manufacturing of automobiles, where
they have been widely adopted, then in the manufacturing of goods in general, and from there it has been applied
successfully to many sectors and companies. When supported from the top as in The Lean Turnaround3 and applied
consistently, it has delivered superior results and transformed whole industries. As examples, let us mention Lean
Product Development4, Lean Start Ups5, Lean IT6, Lean Healthcare7, Lean Government8.
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This successful application to so many diﬀerent environments suggests systemic properties of Lean that, when
modelled correctly, could lead to a better understanding of its success factors, and to more successful implementations
in diﬀerent contexts. This is our purpose. However, Lean is an approach that has been anchored in many years
of practice and experience rather than in academic research, so we need a model that will not only formalize the
knowledge, but also capitalize on the experience coming from the relentless practice of Lean.
In this article, we ﬁrst describe in section 2 what the Lean Enterprise is and what its speciﬁcities are. Available
analyses are not yet suﬃcient for our purpose. We highlight the fact that the Lean Enterprise exhibits many qualitative
as well as analytic properties of a Complex System, in section 3. The modelling of Lean is thus linked to the study
of Complex Systems, called by Stephen Hawking ’the science of the 21st century’, giving us a tool for our future
study of the Lean Enterprise as a Complex Adaptive System. The KREM model, presented in section 4 gives the
opportunity not only to describe the Knowledge part, using ontologies9 shown in section 4.1, but also to add rules
using Markov Chains10, as we illustrate with the example of the Hoshin Kanri process, a systemic process for aligning
top management strategic decision with the needs of the shop ﬂoor, in section 4.2. The model also enables the addition
of Experience and Meta-Knowledge, which are very important components of Lean, an approach based on concrete
experience developed over many years.
2. The Lean Enterprise
In this section, we introduce the concepts of Lean from a historical perspective, we show how they can be organized
as the ’House of Toyota Production System (TPS)’, leading to a high-level ontology of Lean, then we explain some
habits and practices of Lean, concluding with hints at why Lean is so special. Let us remind here that an ontology is
a formal explicit speciﬁcation of a shared conceptualisation of a domain of interest9.
2.1. Toyota Production System principles
The history of Toyota and credit to individuals who have built the Toyota Production System over the years is
explained in Toyota, Fifty Years in Motion11. A very complete explanation of the history of industrialisation in
successive phases, ﬁnally leading to TPS can be found in Pierre Delort’s PhD thesis12.
The ﬁrst pillar of TPS is the concept of Jidoka (automation with a human touch) originating in the work by Sakichi
Toyoda, the founder of Toyota, on the automatic loom (that he made stop automatically when problems happened).
Kiichiro Toyoda added Just in Time (second pillar of TPS), because he was facing the very severe lack of space and
need for versatility of the product in the diﬃcult post-war times in Japan and the notion of pull process, starting from
the customer need, removing all the wastes in the production process.
Taiichi Ohno put all the concepts into practice (with Kanban, a new concept inspired from his observation of
American supermarkets, Heijunka (levelling), Single Minute Exchange of Dies (SMED) to reduce dramatically the
time to change machines for producing diﬀerent parts, etc), gradually creating TPS, which he explains very deeply in
Toyota Production System, Beyond Large Scale Production13.
2.2. The house of TPS and its inhabitants
The concepts of TPS have often been visualized as a house or temple. There are the concepts used in the founda-
tions (like safety, customer ﬁrst, standardization, Genchi Genbutsu - go and see - and respect for people), the concepts
used to practice Just In Time (like tags or Kanban, waste or Muda elimination, Takt Time for pace, SMED for quick
changeover of tools, etc), the concepts linked to Jidoka (like Andon chord, to stop the line in case of defect, or Poka
Yoke, a ’fool proof’ device to avoid defects). The roof shows the result, satisﬁed customers and a sustainable en-
terprise contributing to society. For a more detailed deﬁnition of these Japanese terms, see for example The Toyota
Way14. The house (Figure 1) gives us a structure for an generic ontology of Lean.
The ontology introduced in this paper will also serve the purpose of deﬁning in unambiguous ways the terms
borrowed from Toyota, mostly in Japanese language (Takt time, Just in Time or PDCA are exceptions) in order to
make them accessible to other cultures or map them to terminology in use at other companies that may have the same
meaning.
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Figure 1. The house of TPS
2.3. Ontologies of Lean
Few ontologies of Lean exist, and those available show the application of Lean to a particular domain. As an
example, Figure 2 shows an ontology of Lean for the speciﬁc domain of supply chain management15. In this ﬁgure,
boxes are concepts, links are specialisation/generalisation relationships and the most abstract concepts are on the left.
This ontology proves to be quite rich, and includes both application domain and Lean management related entities.
However, it provides more an enumeration of Lean tools than a hierarchical classiﬁcation of Lean concepts.
Figure 2. An ontology of Lean for supply chain management 15
2.4. The Toyota Kata (habits, practices)
One of the most important aspects of Lean is the capability to leverage the human capital of the whole enterprise.
How is this achieved? By developing problem solving skills for the whole workforce in order to have all the employees
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contribute to the day by day improvement of the enterprise, to ensure the whole management functions as problem
solvers at their level and coaches for the levels below them in order to foster those improvement skills (Improvement
Kata and Coaching Kata, explained in Toyota Kata16).
’Making things’ (Monozukuri) is the nature of the industry, but Lean adds the dimension of ’making people’
(Hitozukuri), which creates an emerging dynamics in the company. The drive to improve comes from each individual
in the company, and the organisation fosters challenge and teamwork. The individuals working in the company
interact to create an evolving system that improves continuously, even without strong top down directions, and in a
more relevant way, since the focus will be on delivering added value to the customer, while removing waste along
the way. This maximizes the product power (pricing), reduces the cost, hence maximizes the proﬁt (which is equal to
price minus cost), shaping a sustainable enterprise contributing to society through employment and taxes.
In modelling terms, the agents (employees of the Lean enterprise) perform processes they are associated with (like
mounting a wheel on a car), but also improvement processes (applying the practice of problem solving with their
current skills), as well as receiving coaching on how to improve their skills, or coaching others.
2.5. What is so special about Lean?
The reason why many of these principles have not been applied earlier is that they may be seen as counter-intuitive.
Here are some examples of this:
• stopping the line when there is a problem forcing many people to stop working in order to solve a problem at
one place only
• stopping the work when a certain levelled quantity is achieved even when there is time and manpower to produce
more
• reducing stocks even when the lack of stock may lead to a stop of the production process
This is also the reason why it is particularly interesting to model these principles in order to demonstrate why they
make the systemwork better and guide those who need to implement them by convincing them that those principles are
important to apply. The apparent contradictions that drive success at Toyota are well explained in Extreme Toyota17.
3. The Lean Enterprise as a Complex System
The Lean enterprise exhibits the properties of a Complex Adaptive System (CAS). Several authors18 19 establish
that CAS are characterized by the following properties, that we illustrate with the Hoshin Kanri process:
• Emergence: The catch ball process between top-down and bottom-up communication enables the Lean enter-
prise to come up with better solutions than a pure top-down without interaction would deliver. Hence, the whole
is more than the sum of the parts. We shall see an example of this in 4.2.2.
• Co-evolution: top-down decisions based on issues from one given operations team will have an impact on other
teams, and vice-versa. This leads to direct (management-operators) and indirect (operators team to operators
team) co-evolution.
• Connectivity: all entities are connected, as shown below with the usage of Markov Chains.
• Distributed Control: problem solving emerges from issues triggered at the level of individual operators and
handled as locally as possible.
• Far-from-equilibrium: through the various loops, the system generates new rules (Autopoiesis).
• State of paradox: the two pillars of Lean introduce a paradox: Just in Time requires a continuous ﬂow without
any stocks/mistakes, while Jidoka mandates to stop the system whenever an abnormality is detected.
• Non-linearity: there can be a big dependence on slightly diﬀerent initial conditions. When slightly diﬀerent top-
down instructions are given at the beginning of the Hoshin process, described in 4.2.2, the top-down and bottom-
up interactions involving all agents may lead to a very diﬀerent ﬁnal Hoshin document, hence the importance to
start the process with parameters that are carefully considered after deep reﬂection of the previous cycle (Called
Hansei Reﬂection in Japanese) and relevant environmental parameters.
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In this article, we consider complex systems associated with discrete phenomena, like the interaction of agents in a
social system, hence some of the properties of CAS like those deﬁned in thermodynamics20 may have to be interpreted
diﬀerently. The following sections present a ﬁrst proposal of the use of the KREM architecture to formally model a
discrete CAS such as the Lean enterprise.
4. The KREM model
The framework for these works is the KREM model, initially proposed by our team, and that has been successfully
used in several diﬀerent domains21,22. Conventionally, a knowledge-based system is composed of a fact base and a
rule base, on which various types of reasoning can be made. But the observation of the drawbacks of this classic
architecture (the diﬃculties in eliciting expert knowledge, mainly because experts operate tacit knowledge, and basi-
cally, the non-completeness of this elicitation) led our team to the proposal of this model, based on the use of semantic
technologies.
Semantic technologies use methods from automatic language processing, machine learning and knowledge rep-
resentation to build the ontologies and the rules that will enable its implementation. Semantic technologies are also
intended to create new meaningful relationships, and therefore new knowledge, based on information of diﬀerent
natures and forms. Enriching documents with meta-data or creating speciﬁc linguistic or terminological standards are
examples of the possibilities oﬀered by semantic technologies to facilitate decision making through eﬀective knowl-
edge management. But decision-making, to be eﬀective, must result from reasoning and analysis on this knowledge
and also take into account the experience of decision-makers, as well as their expertise. Naturally, the capitalization
of experience appeared as a possibility of improvement of the architecture.
Finally, the use of meta-knowledge to lead the execution of our knowledge-based systems became a need. Meta-
knowledge is knowledge about the domain knowledge, the rules or the experience, and it can be in the form of context
to the use of the knowledge, culture or protocols. Context is any information that characterizes a situation related to
the interaction between human beings, applications and the surrounding environment23 and is identiﬁed as belonging
to four types: identity, location, status, time. Context is typically the location, identity and state of people, groups, and
computational and physical objects. Time is information that helps to recognize a situation using historical data. The
Culture aspect of meta-knowledge intends to reﬂect the diﬀerent ways decisions are made in diﬀerent cultures while
Protocols include typically the ways the other pieces of knowledge are used to accomplish the task we are facing to
(for example, diagnosis); or strategies for problem solving or heuristics. Meta-knowledge may be closely related to
experience knowledge.
To take these ideas into account, the KREM model has four interacting components that can be declined by project
or application domain. Re-use of components is, of course, encouraged. The KREM components are:
• Knowledge to operate, implemented as domain ontologies that need to be developed.
• Rules to allow diﬀerent types of reasoning (monotone, spatial, temporal, fuzzy, or other depending on the
application)
• Experience, to allow the capitalization and reuse of previous knowledge.
• Meta-Knowledge, including knowledge about the other three components, giving the context of the problem to
be solved.
4.1. KREM Knowledge representation for the Lean enterprise
4.1.1. Motivation
The ﬁrst step for formalising a knowledge domain is the deﬁnition of its scope and ﬁrst-level entities. This is
typically done using an ontology, which enables to represent the relationships between these entities. Two comple-
mentary ontologies of Lean are deﬁned here: the ontology for the House of TPS, which structures the core issues in
Lean Management, and the ontology for Hoshin Kanri, which represents the entities necessary to model this particular
process. The Hoshin Kanri process is of particular interest to us because it displays the behaviour of the agents (the
employees in the house of TPS) at various levels in the organisation going back and forth.
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4.1.2. An ontology to model the House of TPS
The ontology for the House of TPS appears in Figure 31. It represents the core concepts that were deﬁned in section
2.2, such as Activity, Components, House Inhabitant and House Building Structure.
Figure 3. Taxonomy of the upper concepts in the ontology of the House of TPS
4.1.3. An ontology to model the concepts in the Hoshin Kanri process of the Lean Enterprise
To illustrate our purpose, we take here an example, which is the process of setting long and mid-term goals in
the enterprise, at various levels, called Hoshin Kanri (Hoshin = compass/direction, Kanri =Management in Japanese
language).
Here, diﬀerent levels of the company come to play and there is a process of consensus building (Nemawashi) at
each level (like operators, middle management and top management), but there is also an interesting process spiralling
up and down between those levels, sometimes called ’catch ball’: the operators are aware of things that must change
to improve their work that management may not be aware of. In this case, after discussing with their peers, they
can mention to their management an item to add to the Hoshin document. The management will then discuss and
either integrate it or send it back (like a ball) with explanation of the reason for rejection which can, in turn, lead to the
emergence of a better proposal to be sent up again. The same can happen between managers and between management
and top management. Some balls will travel from top to bottom and others from bottom to top. This gives a dynamic
process that converges to equilibrium after several iterations and is based on a strictly required completion timing (it
can take around three months to perform this process every year), leading to an environment where all feel valued and
accept the inputs of others who may be more knowledgeable in some particular matters regardless of their grade in the
organisation. Of course, culturally, it has to be moderated diﬀerently in cultures where top down messages are taken
for granted and non negotiable by all levels below, and in cultures that are more egalitarian by nature, like the Nordic
European countries.
In the resulting ontology, presented in Figure 4, we model the concepts that are manipulated in this process.
1 In the framework of a collaboration with the University of Tunisia, a part of this ontology has been developed by Mr. Wissem Jrad, graduate
student in that university.
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Figure 4. Taxonomy of the ontology of the Lean Artefacts involved in the Hoshin Kanri process
Figure 5. Taxonomy of the ontology of the Lean activities
4.1.4. Integrating the Hoshin Kanri ontology into the House of TPS ontology
The Hoshin Kanri ontology entails important categories of entities which are not explicited in the House of TPS
ontology: communication and decision activities, communication and decision components, and speciﬁc employees
such as operator, manager, coach as well as operator and manager teams. These elements require in particular to
reﬁne the activities sub-category, as shown in Figure 5.
4.2. KREM Rules for the Lean Enterprise
4.2.1. Motivation
The second step for formalising a ﬁeld is to characterize the rules that govern it. Rules are typically expressed
using inference engines, for ﬁrst-order logic problems24, or probabilistic rules for stochastic processes25. Because
the behaviour of enterprises experiences a high level of variability according to current context, while complying with
233 Pierre Masai et al. /  Procedia Computer Science  60 ( 2015 )  226 – 235 
speciﬁc management rules, they should be modelled as stochastic processes. Here, we have chosen to model these
stochastic processes with graphical representations of Markov Chains10. We are working on the translation of these
probabilistic graphical models into probabilistic rules, in order to be executed by a probabilistic inference engine.
4.2.2. A simpliﬁed Hoshin Kanri process
Let us consider how this works using a simpliﬁed example, Figure 6 shows this simpliﬁed Hoshin Kanri process
shown as a graphical representation of a Markov Chain, showing the successive phases of the Hoshin creation. In
the blue circles we show the categories of employees and the Hoshin list at that stage, and the arrows between the
circles show the probabilities to move to the next stage. In this example, we have one top manager, and a group of
managers and operators. At the initial stage (STEP 1), the top manager starts the Hoshin process with a list of three
items: [a, b, c] as initial condition, requests not to end up the process with more than ﬁve items (restriction rule), and
sends this initial input to the managers, who send it to the operators. The operators then consider the items sent to
them (STEP 2), and build consensus around three items they have thought of, [d, e, f]. After consensus building, they
decide to propose [d] and [f] back to their management. The Hoshin list now consists of ﬁve items: [a, b, c, d, f]. The
management has to make decisions (STEP 3), because they are considering two additional items, [g] and [h], but the
Hoshin document has already reached the limit of ﬁve items. The choices can be shown with probabilistic rules:
• Case 1, with probability p1: send back [a,b,c,d,f,g,h] to the top manager for decision
• Case 2, with probability p2: decide ﬁve items, for example [a,c,d,f,h], explain the selection to operators, and
send back to top management.
• Case 3, with probability p3: send back [a,b,c,d,f,g,h] to the operators, asking them the ones they believe will
improve their jobs the best and they send [a,b,c,d,h] to top management for the ﬁnal decision.
Finally (STEP 4), the top management receives the input and makes the ﬁnal decision, leading to the end state of
[a,b,c,d,h] in this example.
In real life, other cases may occur, like replace [c] and [d] by [c] which would combine some ideas of both, or
modify the rule in order to accept six items maximum instead of ﬁve.
To make it more concrete to the readers, Hoshin items could be something like ‘divide by two the defects on
machine A within one year’, or ‘increase the customer satisfaction index from 80 to 90% within six months’.
4.3. KREM Experience for the Lean Enterprise
This layer is intended to capitalize experience knowledge, at the very heart of Lean. This layer is in the ﬁrst steps of
development and we intent to explore the feasibility of using a wide variety of methods for knowledge capitalization,
namely CBR26 or SOEKS and DDNA27. The main goal is to enrich the layer with knowledge coming from the Toyota
practices.
SOEKS and DDNA have been successfully tested in several diverse domains, mainly in engineering and medicine,
e.g. for diagnosis of Alzheimer and breast cancer28 or IT projects management29. Nonetheless, there are no previous
works on the joint use of CBR and DDNA. Within the framework of this project, the outcomes will then hold a
proposition of a general architecture for the uniﬁed use of these technologies.
By deﬁnition, a SOEKS has four components: Variables, Functions, Constraints and Rules. Variables usually
involve representing knowledge using an attribute-value language. This is a traditional approach from the origin of
knowledge representation. Variables are related among them in the shape of functions. Functions, the second com-
ponent, describe associations between variables. Therefore, the set of experience uses functions and establishes links
among the variables constructing multi objective goals. Constraints are another form expressing relationships among
the variables. A constraint is a restriction of the feasible solutions in a decision problem, and limits the performance
of a system with respect to its goals. Finally, rules are suitable for representing inferences or for associating actions
with conditions under which the actions should be performed. They are conditional relationships of the universe of
variables. In this way, the four components of the set of experience can be uniquely combined to represent the business
practices of the company.
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Figure 6. A simpliﬁed Hoshin Kanri process represented as a probabilistic process
The reasoning process enables the evolution of the initial set of rules with experience, as it was presented in
previous works30. A CBR approach will then be used to adapt existing rules to try and classify the new situations that
are similar to the ones already capitalized.
4.4. KREM Meta-Knowledge for the Lean Enterprise
This layer, that has not been developed yet, will include knowledge about the use of the other layers. As stated in
the Introduction, cultural aspects need to be taken into account when implementing Lean in a company. In particular,
diﬀerent sets of rules could be launched to take into account that context.
5. Conclusions and perspectives
The Lean practices have been implemented successfully in diﬀerent contexts and environments, suggesting the
existence of systemic properties, implying that the whole is more than the sum of its parts. Based on this hypothesis,
this article presents a ﬁrst version of a formalization of Lean (as there are many works in the literature describing
the methodology but not formally deﬁning the concepts associated to it and the way they interact with each other)
and taking into account the experience (deeply anchored in the Lean practices) and the context, by the use of the
KREM model. The goal of this formalisation is to better understand the success factors of Lean and to facilitate
more successful implementations in diﬀerent environments. The ﬁrst two components of the KREM model have been
explained, and we have instantiated them with one representative process involving the agents of the Lean Enterprise
at all levels, the Hoshin Process. We have shown how this kind of processes can be modelled as a Markov chain
and displayed the complex system properties of the Lean Enterprise by generating an emerging result that is much
better than what each agent could have found separately, while keeping sensitivity to initial conditions created by
experience. Our next works include the gradual enrichment of the KREM model by its instantiation with the rest
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of the Lean processes and with the formalisation of experience and meta-knowledge to enable more organisations to
enjoy the beneﬁts of Lean in a sustainable way.
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